Striatal coadministration of interleukin-ll) OL-II)) with cx-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (S-AMPA) in rats results in widespread cortical cell death not caused by either treatment alone. This cortical damage was unaffected by cortical infusion of the AMPA-receptor antago nist NBQX. Cortical infusion of an NMDA-receptor antagonist D-AP5 significantly inhibited (57'7c; P < 0.05) cortical death, but had no effect on the local striatal death. Thus, cortical
The cytokine interleukin-I (IL-I ) has diverse actions in the central nervous system (Rothwell and Hopkins, 1995) and has been implicated in acute and chronic neu rodegeneration (Rothwell, 1999) . Injection or overex pression of human recombinant interleukin-I receptor antagonist (hriL-lra) significantly inhibits neuronal damage induced in the rat by focal cerebral ischemia, traumatic brain injury, or excitotoxin administration (Rothwell, 1999) ). Studies to date suggest that the [3 form of IL-I (IL-l[3) is the primary mediator of acute brain damage (Rothwell, 1999) .
Although IL-l [3 alone is not toxic to healthy neurones, administration of exogenous IL-l [3 exacerbates neuronal damage induced by focal (Loddick and Rothwell, 1996) or global cerebral ischemia (Yamasaki et aI ., 1995) . In focal ischemia, the effects of IL-l ra and IL-l [3 are me diated through actions in the striatum that influence cor tical damage Rothwell, 1997,1998) . The authors have demonstrated similar site-specific effects of neuronal death induced by striatal S-AMPA and human recom binant interleukin-ll) (hriL-ll)) is mediated by activation of NMDA receptors in the cortex. The authors propose that IL-II) actions on AMPA-receptor mediated cell death may involve the activation of polysynaptic pathways from the striatum to the cortex. Key Words: Interleukin-I-AMPA-Excitotoxicity Neurodegeneration-Striatum-Cortex.
IL-l [3 in excitotoxic damage. IL-I [3, coinjected with the excitatory amino acid agonist a-amino-3-hydroxy-5methyl-4-isoxazolepropionate (S-AMPA) in the rat stria tum, has no significant effect on the local striatal injury but produces widespread neuronal death in the ipsilateral cortex (Lawrence et aI ., 1998) .
The authors' recent data indicate that IL-I [3 actions in the striatum involve the hypothalamus, which suggests the involvement of a polysynaptic pathway from the striatum to the cortex (Allan et aI ., 2000) . Cortical dam age resulting from striatal coinjection of S-AMPA and IL-I [3 is reduced by systemic administration of MK-80 I, which suggests the involvement of glutamatergic path ways (Lawrence et aI ., 1998) . Therefore, the objecti ve of the current study was to test further the hypothesis that IL-I [3 acting in the striatum causes secondary cortical damage through activation of glutamatergic pathways, and to identify the receptors involved in the distant dam age in the cortex.
MATERIALS AND METHODS
S-AMPA, cis-2,4-methanoglutamate. NBQX, and D-AP5 (Tocris. Bristol, U.K.) were dissolved in sterile phosphate buffered saline or water. Human recombinant interleukin-II) (Dupont, Glenolden. PA. U.S.A.) was dissolved in 0.9% sterile (nonpyrogenic) saline containing 0.1 % serum albumin (Sigma. Poole. U.K.).
Male Sprague-Dawley rats (250 to 350 g; Charles River, Margate, U.K.) were anesthetized with halothane (2.5% in 100% 02) and placed in a stereotaxic frame. Stereotaxic injec tions were perfonned as described previously (Lawrence et aI., 1998) into the appropriate area (coordinates relative to bregma (mm): anterior-posterior (AP) +0.7, medial lateral (ML) -2.7, dorsal-ventral (DV) -5.5 for the striatum; AP +0.7, ML -4.8, DV -1.8 for the cortex). Striatal injections were perfonned directly with a Hamilton syringe (Hamilton, Carnforth, U.K.), whereas cortical infusions were through a 26 g needle, con nected by polyethylene tubing to a Hamilton syringe in an infusion pump. The latter method was used for cortical infu sions as preliminary studies indicated that, because of less re flux of the injected solution, more reproducible lesions were obtained in the cortex when an infusion pump was used, whereas no obvious difference in the striatal lesions between the two methods was found. All drug administrations were performed for 2 minutes at a rate of 0.5 f,LLlmin with the needle left in place for an additional 5 minutes to allow diffusion of the injected solution.
Animals were killed 24 or 48 hours after infusion of metha noglutamate or S-AMPA treatment, respectively. Brains were removed and snap frozen in isopentane on dry ice. Neuronal loss throughout the entire lesion was determined from coronal cryostat sections (Lawrence et aI., 1998) or, when there was excessive edema (S-AMPA and hrIL-l(3 coinjections), indi rectly from brain maps onto which the area of damage was drawn (to compensate for any swelling). All doses of drugs used were based on preliminary studies (data not shown) or on published work using similar reagents (Massieu and Tapia, 1994) .
Data are expressed as mean ± SD of the mean for the number of animals given. Significant differences in lesion volume be tween groups of animals were assessed either by unpaired t-test (with Welch's correction) or analysis of variance followed by a Tukey-Kramer multi-comparisons test. Statistical significance assumed a two-tailed probability <5%.
RESULTS
Damage produced by direct infusion of the selective NMDA-receptor agonist methanoglutamate (7.5 nmol) in either the striatum or cortex was significantly reduced (87% to 95%) by coadministration of D-AP5 (Table I) . However, no change in lesion size was observed when D-AP5 was infused together with S-AMPA (Table 1) . NBQX, infused directly into the striatum with S-AMPA, also produced a marked reduction (98%) in the lesion volume (Table I ). This shows that the agonists and an tagonists used in the current study were indeed selective for the appropriate receptor SUbtype.
The volume of striatal damage resulting from intra striatal coinjection of S-AMPA and hrIL-113 was no dif ferent between rats treated with vehicle, D-AP5, or NBQX in the cortex (Table I ). In contrast, neuronal damage in the cortex produced by striatal injection of S-AMPA and hrIL-113 was not affected by infusion of NBQX in the cortex, whereas D-AP5 significantly re duced (57%) cortical cell death (Table I, Figs. I and 2) . In most cases (n = 9 of 13) D-AP5 completely abolished the neuronal damage in the parietal cortex, although in some animals there was only partial inhibition, and a small amount of neuronal loss was still observed in this region (representative examples of each are illustrated in Fig. 2 ).
The current study shows that the extensive cortical cell death caused by S-AMP A and hrIL-113 in the striatum is TABLE 1. Eff ect of glutamate receptor antagonists 0/1 methanoglutamate, S-AMPA, or S-AMPA plus hrIL-J(3 indllced cell death
Lv (mnr ' ) Lv (mm "' ) striatal cortical n 1 L9 ± 3.8 4 1"5 ± 0"7* 5 2L8±13"6 5 18"6 ± m5 5 2L6 ± 5.1 7 1"0 ± OAt 7 24"8 ± 5"8 8 0"6 ± 0"5t 8 2L5 ± 9"2 134.1 ± 44"3 II 24A ± 7"2 58"2 ± 3 LO:j:* 13 22"3 ± 12"2 148.3 ± 72.1 II (A) Effect of cortical D-AP5 (25 nmol) treatment on the lesion volume (Lv) produced by intracortical infusion of methanoglutamate (7"5 nnwl) or S-AMPA (7"5 nmol) in the rat brailL (B) Effect of striatal infusion of D-AP5 (25 nmo!) or NBQX (25 nmol) treatment on the lesion volume (Lv) produced by intrastriatal injection of methanoglutamate (7"5 nmol) or S-AMPA (7.5 nmol) respectively" (C) Effect of cortical infusion of vehicle. D-AP5 (25 nmol), or NBQX (25 nmol) treatment on the lesion volume (Lv) produced by intrastriatal coinjection of hrIL-113 (10 ng) plus S-AMPA (7"5 nmol)" The number of animals in each treatment group is indicated (n). inhibited by direct cortical infusion of an NMDA antago nist, but not by cortical infusion of a selective AMPA antagonist. This suggests that the remote death in the cortex is mediated through a glutamatergic pathway and activation of NMDA receptors in the cortex. Intrastriatal coinjection of hrIL-l f3 with S-AMPA re sulted in extensive cortical cell loss throughout the ipsi lateral hemisphere, particularly in the frontal and parietal cortex. In the most severe cases (n = 5 of II) this extrastriatal lesion extended over the entire ipsilateral cortex, involving most cortical regions through a rostro caudal distance of >7 mm. Infusion of D-AP5 in the parietal cortex region, ipsilateral to the site of the S AMP A and hrIL-1 f3 injection, produced a significant re duction in the mean lesion size. Although some animals (n = 7 of 13) in this group showed cell loss in the amygdala and piriform and entorhinal cortex, with no damage in other cortical regions, this damage appeared to be unaffected by D-AP5 (data not shown). Damage in the amygdala and piriform and entorhinal cortex, but not the parietal cortex, is frequently observed in animals treated with S-AMPA alone, but does not appear differ ent from that produced by striatal AMP A and hrIL-l � in jection (Allan and Rothwell, unpublished observations).
DISCUSSION
Brain damage in sites "remote" from the site of exci totoxic injection has been documented previously (Ciani et aI., 1994; Wozniak et aI., 1994) , and has been ascribed to the activation of "seizure-related pathways" (Ben-Ari, 1985) . The observed effects of D-AP5 reported in the current study are consistent with studies reporting that NMDA antagonists reduce the "remote" cell death caused by excitotoxin administration in a number of brain regions, but have no effect on the local damage (Facchinetti et aI., 1992; Ciani et aI., 1994; Wozniak et aI., 1994) . Both local and distal toxicity caused by hip pocampal injection of kainic acid is inhibited by periph eral administration of the noncompetitive antagonist MK-801, with only approximately 50% of treated ani mals showing complete prevention of all the damage in "remote" areas (Lees, 1992) . A similar finding was made in the current study, in which the damage produced in the parietal cortex by striatal injection of S-AMPA and hrIL I � was completely prevented in 9 of the 13 animals treated with D-AP5 in the cortex, with the remaining others displaying only partial inhibition (Fig. 2) .
The mechanism by which striatal coinjection of S AMP A and hrIL-1 � produces cortical neuronal death is not known. As there are no described direct striato cortical neuronal connections, IL-l � actions are prob ably not mediated by a direct neuronal pathway. It is also unlikely that IL-I � has a retrograde action (Laduron, 1995) because direct injection of hrIL-l � into the cortex, even at high doses, fails to modify the neuronal damage resulting from infusion of excitotoxins in these areas (Lawrence et aI., 1998) . The striatum signals to the cor tex indirectly through the globus pallidus and thalamus (Parent and Hazrati, 1995) or the hypothalamus (Saper, 1985; Risold et aI., 1997) , and the observed effects of IL-I � may due in part to excessive release of glutamate in the ipsilateral cortex, mediated through activation of these anterograde pathways. Indeed, the authors have demonstrated increased expression of IL-l � in the hy pothalamus after striatal coinjection of S-AMPA and hrIL-l�, and have shown that direct administration of IL-l ra into the lateral hypothalamus reduces the resultant cortical death (Allan et aI., 2000) . This suggests that IL-l � can act in this region to somehow affect cortical cell viability.
A recent report has demonstrated that IL-I � can pro long seizure activity, and the authors propose that IL-I � can enhance glutamatergic neurotransmission (Vezzani et aI., 1999) , although the mechanisms by which it does J Cereb Blood Flow Melllb. Vol. 20. No. 10. 20()() so are not discussed. Similar effects could explain the actions of IL-l � on the pathways being driven by intra striatal administration of S-AMPA in the current study. However, IL-I � may not directly activate glutamatergic neurones but rather produce an indirect effect by modi fying GABAergic transmission to cause disinhibition of an excitatory pathway. Indeed, a number of reports have shown effects of IL-l � on inhibitory systems (Yu and Shinnick-Gallagher, 1994; Miller et aI., 1991) .
The results presented here, together with the authors' recent observations (Allan et aI., 2000) , lead to the pro pososition that IL-I � activates polysynaptic pathways leading from the striatum to the cortex through the hy pothalamus and possibly other regions. When accompa nied by AMPA and/or kainate receptor activation in the striatum, IL-I � produces extensive cell death throughout the ipsilateral cortex that is dependent on the activation of NMDA receptors in this region. These findings may be of direct relevance to diverse neurodegenerative con ditions associated with increased expression of brain IL-1 � including stroke, traumatic brain injury, and Alzhei mer's disease.
